Abstract Biliary lipids (bile salts, phospholipids, cholesterol, plant sterols) were determined in 89 vertebrate species (cartilaginous and bony fish, reptiles, birds, and mammals), and individual phospholipid classes were measured in 35 species. All samples contained conjugated bile salts (C 27 bile alcohol sulfates and/or N -acyl amidates of C 27 and/or C 24 bile acids). Phospholipids were generally absent in the bile of cartilaginous fish and reptiles and were present in low amounts relative to bile salts in bony fish and most birds. In mammals, the phospholipid-bile salt ratio varied widely. The bile from species with low biliary phospholipid-bile salt ratios often contained a high proportion of sphingomyelin, confirmed by HPLC-MS. In species with a high phospholipid-bile salt ratio, the predominant biliary phospholipid was phosphatidylcholine (PC). The phospholipid-bile salt ratio correlated weakly with the calculated weighted hydrophobic index value. Cholesterol was present in the bile of virtually all species, with plant sterols uniformly being present in only trace amounts. The cholesterol-bile salt ratio tended to be higher in mammals than in nonmammals, but bile of all species was unsaturated. Thus, most nonmammalian vertebrates have relatively low levels of biliary phospholipid and cholesterol, suggesting that cholesterol is eliminated predominantly as bile salts. Mammals have a higher phospholipid and cholesterol to bile salt ratio, with the dominant phospholipid being
The major organic constituents of mammalian bile are bile salts (conjugated bile acids and/or bile alcohol sulfates), phospholipids, cholesterol, and bile pigments. The presence of bile salts (or bile acids) in bile was recognized in the early 19th century, long before the chemical structure of these compounds was known. Cholesterol was isolated from gallstones and crystallized in 1769 (1), but not until 1932 was the chemical structure of cholesterol iodide determined by Bernal using X-ray diffraction (2) . His work enabled Rosenheim and King (3) to deduce the correct molecular structure of both cholesterol and bile acids (3) . Lecithin was isolated from egg yolk by Gobley in 1845 (4) , and the chemical structure of its dominant phospholipid, phosphatidylcholine (PC), was established by 1900 (1) . A half-century later, Polonovski and Bourrillon identified PC as the only phospholipid present in human bile based on chemical analyses (5) , and Phillips confirmed this finding by adsorption chromatography in 1960 (6) .
In 1968, Admirand and Small (7) proposed that three of the organic constituents of bile-conjugated bile acids, phospholipids, and cholesterol-be termed "biliary lipids," despite the fact that conjugated bile acids do not have the properties of lipids. This proposal was widely accepted because the relative proportion of these three biliary lipids determines the cholesterol saturation of bile (7) . Bile pigments in most vertebrates consist of bilirubin, usually esterified (conjugated) with one or two molecules of glucuronic acid. Conjugated bilirubin is not classified as a biliary lipid for two reasons. First, conjugated biliru- HI, hydrophobicity index; NTNP, no trivial name proposed; RRT, relative retention time. RRT values are given for both glycine and taurine conjugates, but for the calculation of HI values, glycine conjugates were assumed to be taurine conjugates, as the RRT for glycine conjugates is strongly influenced by the apparent pH of the mobile phase.
bin is water soluble and not extractable into organic solvents. Second, it is present in bile at a concentration well below that of cholesterol (8) , and its concentration in bile appears not to affect biliary cholesterol saturation.
The predominance of PC in bile (5, 6) and the observation that biliary PC has a well-defined fatty acid structure (9, 10) strongly suggested that the secretion of PC into canalicular bile was carrier mediated. A transporter mediating PC secretion into bile was identified when it was discovered that mice deficient in the Abcb4 (ATP binding cas- sette transporter B4) gene had bile devoid of PC (11) . Because inflammation of the biliary tract (cholangitis) developed when hydrophobic bile acids were fed to Abcb4 knockout mice (12) , the hypothesis was advanced that biliary PC not only solubilizes cholesterol in bile but also protects cholangiocytes from the toxic effects of bile acids. The protective effect of PC would result from its cooperative association with bile acids to form mixed micelles, a process that decreases the monomeric activity of bile acid anions and should decrease the cytotoxicity of bile (13) (14) (15) . It has been assumed that PC is the dominant phospholipid in the bile of vertebrates. A few notable exceptions, however, have been found. PC is virtually absent from the bile of the guinea pig, in which bile formation is driven by bicarbonate secretion and the bile acid concentration is low (16) . The bile of the Asiatic carp and the skate, a cartilaginous fish, has been reported not to have any detectable phospholipids (17, 18) .
The major mechanism by which cholesterol is secreted into bile was provided by the identification of ATP binding cassette transporter G5 (ABCG5) and ABCG8 (19) , which are two apical proteins that heterodimerize to promote biliary cholesterol secretion. In mice, the amount of cholesterol secreted into the bile is proportional to the expression of these transporters (20) . Not all vertebrates have cholesterol in their bile; Boyer and colleagues reported that the little skate, Raja erinacea, has no biliary cholesterol (18) .
During the past decade, the bile salts of a large number of vertebrates have been characterized by Hagey, Hofmann, and Schteingart (21, 22) , building on the work of Haslewood (23) and others. In this report, we have extended this work by analyzing the phospholipid and cholesterol contents of a wide spectrum of vertebrates to test the hypothesis that PC is a predominant phospholipid in bile and plays a cytoprotective role in species in which the circulating bile acid pool is hydrophobic. We also sought to determine when during evolution the ability to secrete cholesterol into bile was acquired.
MATERIALS AND METHODS

Animal bile samples
Bile samples (112) from 95 vertebrate species were analyzed in this study, and values from 89 species had sufficiently high bile salt concentrations (Ͼ0.5 mM) to be included in the study. Values for biliary lipids in 12 species (horse, rat, mouse, hamster, prairie dog, rabbit, cat, dog, guinea pig, rhesus monkey, squirrel monkey, and human) were obtained from the literature, for a total of 101 species. Taxonomic data, the source of the bile samples, and literature references are provided in supplementary Tables I  and II 
Biliary lipid measurements
Biliary lipid groups. The levels of bile acids and bile alcohol sulfates were determined using the 3␣-hydroxysteroid dehydrogenase method (24) . Phospholipids were determined by two methods. In the first method, phospholipids were determined by measuring inorganic phosphate in the chloroform phase of a Folch ex- tract (25) . In the second method, total phospholipids (inorganic phosphate and nonphospholipid phosphorus-containing molecules) were determined using the malachite green method for inorganic phosphate after a perchloric acid combustion step (26) . In species in which the level of biliary phospholipids is high, the contribution of inorganic phosphate to total phosphate is small (27) , but in species in which biliary phospholipids are low, measuring biliary phospholipids by determining total phosphate may overestimate the amount of phospholipid present (28) .
Cholesterol was determined enzymatically in the same bile samples used for phospholipid class analysis (27 samples). Cholesterol levels were determined by GC-MS in the remaining samples (65 samples). For the GC-MS analysis, an aliquot of bile was added to 1 ml of ethanol containing 5␣-cholestane (50 g) and epicoprostanol (2.5 g). The sterols were hydrolyzed by heating (100ЊC) in ethanolic KOH (100 mM) for 2 h, and the lipids were extracted into petroleum hydrocarbon, dried under nitrogen, and derivatized with hexamethyldisilazane-trimethylchlorosilane. GC-MS analysis was performed using an Agilent 6890N gas chromatograph coupled to an Agilent 5973 mass selective detector. The trimethyl silyl ethers were separated on an HP-5MS 5%-phenyl methyl polysiloxane capillary column (30 m ϫ 0.25 mm inner diameter ϫ 0.25 m film), with helium as the carrier gas (flow of 1 ml/min). The temperature program was 150ЊC for 2 min, increased by 20ЊC/min up to 280ЊC, and held at that level for 13 min. The injector was operated in the splitless mode and kept at 280ЊC. The mass spectrometer was operated in the single ion monitoring mode. The extracted ions were 458. 4 Abbreviations are as in Table 3 . a These values have been multiplied by 1,000. All bile acids had the 5␤ configuration. Table 3 .
a These values have been multiplied by 1,000. All bile salts had the 5␤ configuration.
other
Biliary lipid classes.
Conjugated bile acids (C 24 and C 27 ) were determined by reverse-phase HPLC using a C18 column and a methanol phosphate buffer system (29), as described (30) . Retention times for some natural taurine and glycine conjugated bile acids relative to taurocholate are provided in Tables 1, 2 . In some cases, bile acid peaks identified by HPLC were fractionated using thin-layer chromatography. The C 24 conjugated bile acids were deconjugated by alkaline hydrolysis (1 N NaOH, 130ЊC, 4 h), isolated by solvent extraction, and examined by GC-MS, as described (30) . Bile alcohol sulfates (C 27 ) are not detected by the HPLC method, which quantifies bile acids based on the absorbance of the amide bond at 205 nm (29) , but were estimated semiquantitatively by electrospray mass spectrometry or GC-MS after solvolysis.
In 35 samples, phospholipid classes were measured using TLC to separate individual classes, followed by elution and phosphorus determination using the method of Rouser, Fleischer, and Yamamoto (25) . Reference compounds (individual molecular species) were obtained from Avanti Polar Lipids (Alabaster, AL). In addition, a subset of samples was used for the quantification of phospholipid classes by HPLC separation followed by detection using an evaporative light-scattering detector. The HPLC system consisted of an LKB low-pressure mixer, a model 2248 pump (Pharmacia,
-scattering detector used compressed air as the nebulizing gas. Peaks were integrated using the EZChrom Chromatography Data System (Scientific Software, San Ramon, CA). This software was also used to calculate molar amounts of phospholipid classes from the constructed (nonlinear) calibration curve. Peaks eluting from the column were collected using a flow splitter between the column and the detector and were collected manually. The procedure used was validated previously (31, 32) .
In some samples, the identities of PC and sphingomyelin classes were further confirmed by HPLC followed by MS. For online MS, the flow rate of the gas chromatograph was adjusted to 1 ml/min and a flow splitter was inserted between the column and the mass spectrometer. The flow into the mass spectrometer was set to ‫1.0ف‬ ml/min.
A Sciex 4000 QTRAP mass spectrometer (Applied Biosystems, Nieuwerkerk a/d Ijssel, The Netherlands), fitted with an electrospray ion source operated at atmospheric pressure, was used to identify the components eluting from the column. Air was used as nebulizer gas and nitrogen as curtain gas. The capillary voltage was set to 5.5 kV, and the decluster potential (cone voltage) was set to 35 V.
Data analysis
Biliary lipid composition was determined in 112 samples from 89 species. Phospholipid classes were determined in 35 species, 27 bile alcohols and C 27 bile acids; type III, only C 27 bile acids; type IV, C 27 bile acids and C 24 bile acids; type V, only C 24 bile acids. Two possible additional categories-the combination of C 27 bile alcohols and C 24 bile acids, or the simultaneous occurrence of all three bile salt classes-were not found in any of the species examined.
Data were expressed as ratios of biliary lipids rather than as absolute amounts to correct for differences in biliary concentration in the gallbladder. Data were expressed as coupling coefficients (i.e., phospholipid-bile salts, cholesterol-bile salts, and cholesterol-phospholipid ratios) (48) . Because the cholesterol-bile salt ratio was very low in many species, data are expressed as the cholesterol-bile salt ratio ϫ 10 3 . The phospholipid-bile salt ratio is a measure of the canalicular phospholipid secretion induced by bile salt secretion, and the cholesterol-bile salt ratio is a measure of the canalicular cholesterol secretion induced directly or indirectly by bile salt secretion. For both PC and cholesterol, postcanalicular fluxes (absorption and secretion) could, in principle, modify the measured ratios. The cholesterol-phospholipid ratio is a measure of vesicle and/or mixed micelle composition. Plant sterols were expressed as sterol-cholesterol ratios ϫ 10 3 .
Bile samples were obtained from two independent animals in 20 species, and in these cases, the lipid values were averaged. Interanimal variation was determined by calculating percentage difference from the mean. It averaged 44% for phospholipid-bile salt ratios and 46% for cholesterol-bile salt ratios, indicating that interanimal variation was considerable. However, 11 of these 20 samples were obtained from nonmammalian species in which phospholipid-bile salt and cholesterol-bile salt ratios were very low.
A weighted hydrophobicity index (WHI) was calculated for each sample containing only bile acids and for the few samples that contained bile alcohols when the relative retention time (RRT) of the bile alcohol sulfate was known. The hydrophobicity index (HI) of each bile acid was based on the integrated area of its HPLC peak and its RRT. When the natural logarithm of the RRT was plotted against the HI values published by Heuman (49), the following equation was obtained: HI ϭ Ϫ0.09 ϩ 0.905 ln RRT. All peaks Ͼ5% of total peak area were considered bile acids, even if their RRTs did not correspond to any known bile acid. Peaks that were Ͻ5% of total peak area were not considered. Because the RRT of glycine conjugated bile acids is influenced by the pH of the solvent buffer, the masses of all glycine conjugated bile acids were assigned to their corresponding taurine conjugated bile acid. Glycine conjugates were present only in one bird (pigeon) and in some mammals (rodents, bovids, primates). RRT values for common natural bile acids and their corresponding HI values are given in Tables 1, 2 . WHI values were not calculated for most samples containing an appreciable proportion of C 27 bile alcohols (by mass spectrometry), as these are not detected by the HPLC method used. The weighted average for each bile sample was calculated as described by Heuman (49) .
Cholesterol saturation was calculated using the equations developed by Thomas and Hofmann (50) , which are based on the original measurements of Hegardt and Dam (51) and Carey and Small (52) . This calculation is based on the unvalidated assumption that the solubility relationships in model systems simulating human bile hold for biliary lipids in all vertebrates; nonetheless, this value provides some indication of the extent to which a bile sample is saturated with cholesterol.
Statistical analysis
Figures were constructed and correlation coefficients were calculated using Sigmaplot™ software (Systat Software, Inc., Point Richmond, CA). Differences in lipid ratios between mammals and nonmammals were tested for statistical significance using the Mann-Whitney nonparametric test. Figure 1 shows the phospholipid-bile salt ratios by vertebrate class expressed in both linear coordinates (left panel) and logarithmic coordinates (right panel). Median values are indicated by horizontal lines for each class, and the data used in the figure are provided in Tables 3-6 , which also provide data on the major types of bile salts that were present. The phospholipid-bile salt ratio is low in cartilaginous fish and amphibians but has a broad range of values in all other vertebrate classes. With the exception of rodents, mammals tended to have higher phospholipid-bile salt ratios than nonmammalian species. The phospholipid-bile salt ratio tended to be lower in bile containing C 27 bile alcohols alone (class I) or in bile containing C 27 bile alcohols and C 27 bile acids (class II) than in the remaining three bile salt classes (Fig. 2) .
RESULTS
Biliary phospholipids
In Table 7 , the individual phospholipid classes of 35 vertebrates are summarized. The phospholipids in Table 7 and Tables 3-6 were measured using differing methodologies, so the phospholipid-bile salt ratios are not always identical. Those species with low levels of biliary phospholipids, such as the Komodo dragon, tended to have biliary phospholipids enriched in sphingomyelin, as determined using HPLC-MS (Fig. 3 and supplementary Figs. I and II) . Fig. 2 . Relationship between the type of bile salt present and the phospholipid-bile salt ratio. Bile salt class I, C 27 bile alcohols; class II, C 27 bile alcohols and C 27 bile acids; class III, C 27 bile acids; class IV, C 27 bile acids and C 24 bile acids; class V, C 24 bile acids.
As the ratio of phospholipid to bile salts increased, biliary phospholipids became predominantly PC. This is illustrated in Fig. 4 , where the phospholipid-bile salt ratio is plotted in relationship to the proportion of PC in bile.
The relationships between phospholipid-bile salt ratios and the calculated WHI values are shown in Fig. 5 . In the scatterplot, values from animals having bile salts of classes I-IV and class V (only C 24 bile acids) are distinguished. There was a positive but weak relationship between phospholipid-bile salt ratios and the WHI values.
Biliary cholesterol and plant sterols
The cholesterol-bile salt ratios for the bile are plotted using both linear and logarithmic coordinates (Fig. 6) . Cholesterol was absent from bile in five species: the Australian lungfish, rockhopper penguin, mountain paca, nutria, and the Bennett wallaby. However, because cholesterol was identified in the bile of other closely related species, multiple samples of the biles of these animals are needed to confirm this finding. Median values were lower in fish, reptiles, amphibians, and birds than in most but not all mammals. The cholesterol-bile salt ratio was significantly higher in mammals than in nonmammals (P Ͻ 0.001).
Cholesterol-bile salt ratios would be predicted to be low in species with low phospholipid-bile salt ratios, because the major determinant of cholesterol solubility in model systems is the phospholipid-bile salt ratio (52) . However, when cholesterol-bile salt ratios were plotted relative to phospholipid-bile salt ratios (Fig. 7) , no general relationship between the two variables was apparent. Figure 8 shows cholesterol-bile salt ratios in relation to bile salt class. The levels vary over a much wider range in the animals having only C 24 bile acids (class V). Some species possessing C 24 bile acids, such as the dog (48), had high phospholipidbile salt ratios and little cholesterol.
Biliary cholesterol saturation was calculated using the method of Thomas and Hofmann (50) , based on Hegardt and Dam (51) and Carey and Small (52) . Most samples were highly unsaturated as a result of low cholesterol-bile acid ratios (data not shown). Plant sterols were trace constituents in the bile of all species. 
DISCUSSION
To the best of our knowledge, this is the first extensive survey of biliary lipid composition in vertebrates. The chemical analysis of bile acids and alcohols in bile was initiated more than a century ago, but the analysis of biliary phospholipids and cholesterol did not attract the interest of lipid biochemists until more recently. Here, we show that the dominant organic constituent of bile in most cartilaginous fish, reptiles, and some birds is bile salt (conjugated bile acids or bile alcohol sulfates). Most fish and reptiles have low phospholipid-bile salt ratios, whereas there is a wide range of phospholipid-bile salt ratios in birds and mammals. No relationship was found between the type of bile salt-C 27 bile alcohol, C 27 bile acid, or C 24 bile acidand the phospholipid-bile salt ratio, except that animals that synthesize only C 24 bile acids tended to have higher phospholipid-bile salt ratios. Thus, biliary phospholipid secretion appears to have evolved before side chain oxidation (from C 27 to C 24 ) of bile salts. Cholesterol was present in the bile of almost all species sampled, and both the phospholipid-bile salt ratios and cholesterol-bile salt ratios tended to be higher in mammals than in nonmammals.
Because phospholipids have a cytoprotective effect in bile (53), we expected the phospholipid-bile salt ratio to correlate with the WHI values. Although there was a weak but significant positive relationship between the phospholipid-bile salt ratio and the WHI values, some species had bile with a high WHI value and a low phospholipid-bile salt ratio, raising the question of how the biliary tract epithelium is protected from the cytotoxicity of the bile salts in such animals. Several mechanisms can be envisioned. First, the relationship between cytotoxicity and HI values has been established for only a few C 24 bile acids, and it is possible that this relationship may not extend to other bile acids and bile alcohols. Second, it is also possible that some of the HPLC peaks may not have been bile acids. Third, for mammals such as the guinea pig, bile secretion appears to be driven by bicarbonate and bile acid concentrations are low, mitigating bile acid cytotoxicity (16) . In other species, such as rabbits, bile contains quite hydrophobic bile acids (30) yet has a low phospholipid-bile salt ratio; the rabbit biliary tract epithelium is highly resistant to the cytotoxic effects of bile acids. Finally, in some species, biliary phospholipids contain a high proportion of sphingomyelin, which is more potent than PC in decreasing the cytotoxicity of mixed micelles (54) .
A survey of biliary lipid composition provides no direct information on canalicular transporters mediating biliary lipid secretion. It is reasonable to postulate that in sam- ples having a high phospholipid-bile salt ratio that a canalicular phospholipid transporter such as Abcb4 for PC might be present. Abcb4 has been identified in all vertebrate species for which total genome sequence is available, but not in any invertebrates. Whether there is a canalicular transporter for sphingomyelin in those species having sphingomyelin as the dominant biliary phospholipid is not known.
Cholesterol was detected in the bile of almost all species. A low cholesterol-bile salt ratio could result from either little cholesterol being secreted into canalicular bile or cholesterol being absorbed in the biliary tract, or both. There is good experimental evidence for the absorption of cholesterol by cholangiocytes (55) or by gallbladder epithelial cells (56) . In mammals, ABCG5 and ABCG8 are the major conduits for the transport of both animal-derived (cholesterol) and plant sterols. The plant sterols detected in the bile of these animals almost certainly reflect dietary intake. We had hoped that these data would provide additional insights into the evolutionary origin of ABCG5 and ABCG8, but this does not appear to be the case, and it now seems that genome sequencing of early vertebrates will be more informative. No ortholog of ABCG5 or ABCG8 is apparent in the genome sequence of the protochordate Fig. 6 . Cholesterol-bile salt ratios shown in different vertebrate classes using a linear scale (left) and a logarithmic scale (right). Median cholesterol-bile salt ratios are indicated by horizontal lines for each class. The cholesterol-bile salt ratio was significantly higher in mammals than in nonmammals (P Ͻ 0.001).
Fig. 7.
Relationship between phospholipid-bile salt ratio and cholesterol-bile salt ratio. Open circles denote values for species having bile salt classes I-IV; closed circles denote values for species having bile salt class V (C 24 bile acids). For bile salt classes I-IV, the correlation coefficient was 0.68; for bile salt class V (C 24 bile acids), the correlation coefficient was 0.34; for all bile salt classes, the correlation coefficient was 0.43. For definition of bile salt classes, see legend to Fig. 2 . Ciona intentinalis, but ABCG5 and ABCG8 are present in head-to-head orientation in bony fish and amphibians. These data suggest that ABCG5 and ABCG8 arose early in the vertebrate lineage. Sequencing of a gnathostome such as lamprey and an elasmobranch such as shark will help to further elucidate the evolutionary origin of these proteins.
Given the unknown extent of absorption of bile salts and cholesterol in the small intestine, it is impossible to calculate from the measurement of biliary lipids per se what fraction of cholesterol is eliminated from the body by biotransformation to bile salts compared with what fraction is eliminated as cholesterol. Such can only be determined by the sterol balance technique that has been widely used in the human but relatively little used in other vertebrate species. However, the extremely low cholesterol-bile salt ratio in reptiles, some fishes, and some birds strongly suggests that in these species most cholesterol is eliminated from the body by conversion to bile salts. In the human, in contrast, the direct biliary secretion of cholesterol results in the majority of cholesterol being eliminated from the body in the chemical form of cholesterol rather than bile acids.
Studies of biliary bile salt composition of vertebrates during the past two centuries have shown the remarkable biodiversity in the chemical structure of bile salts. The present study extends these studies by showing that in vertebrates, biliary phospholipids also differ considerably in proportion and type.
